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ABSTRACT 
Cytochrome c is a heme protein normally bound to mitochondria and is important for mitochondrial electron transport 
and apoptosis initiation. Since cytochrome c is nonfluorescent, it is always labeled with fluorescent molecules for 
imaging, which, however, may affect normal cellular functions. Here, label-free photoacoustic microscopy (PAM) of 
mitochondrial cytochrome c was realized for the first time by utilizing the optical absorption around the Soret peak. 
PAM was demonstrated to be sensitive enough to image mitochondrial cytochrome c at 422 nm wavelength. 
Mitochondrial cytochrome c in the cytoplasm of fixed fibroblasts was clearly imaged by PAM as confirmed by 
fluorescent labeling. By showing mitochondrial cytochrome c in various cells, we demonstrated the feasibility of PAM 
for label-free histology of mouse ear sections. Therefore, PAM can sensitively image cytochrome c in unstained cells at 
422 nm wavelength and has great potential for functional imaging of cytochrome c in live cells or in vivo. 
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1. INTRODUCTION  
Cytochrome c is a heme protein normally bound to mitochondria and is a necessary component for lots of cellular 
functions. For example, cytochrome c is required for mitochondrial electron transport[1], during which it may exist in the 
oxidized form or reduced form. Cytochrome c is also required for apoptosis initiation[2]. Recently, hot research topic 
focuses on the functional role cytochrome c takes in apoptosis regulation when it is released from mitochondria[3],[4]. 
Nearly all these studies need to image cytochrome c and mitochondria dynamically in live cells. 
Among all the imaging technologies, optical imaging technologies have been most commonly used for real-time 
monitoring of live cells, including cytochrome c studies. Cytochrome c is nonfluorescent and weakly-scattering, so 
fluorescent probes (e.g., Mitotracker® probes) are always used to label the cytochrome c in cells for imaging. However, 
the normal functions of biomolecules are sometimes disturbed by the labeling. For example, it has been shown that 
mitochondrial permeability and respiration can be affected by Mitotracker® labeling[5],[6]. Without labeling, cytochrome 
c in live cells have been imaged by photothermal technologies[7],[8] and analyzed by spectrophotometric 
technologies[9],[10]. These studies show that cytochrome c is a major endogenous source of optical absorption in cells at 
its absorption peaks (e.g., around 415 nm, 520 nm, and 550 nm for reduced cytochrome c). 
Photoacoustic microscopy (PAM) can be suitable for label-free imaging of mitochondrial cytochrome c, because PAM 
detects endogenous optical absorption with a relative sensitivity of 100%[11]. In biological tissue, hemoglobin and 
melanin are two major sources of endogenous optical absorption in the visible spectral range. So PAM has found broad 
applications in structural and functional vascular imaging and melanoma tumor imaging in vivo[12][13]. Recently, more 
contrasts have been explored for photoacoustic tomography, such as DNA and RNA in nuclei[14] by using ultraviolet 
(UV) illumination and water[15] and lipid[16] by using near-infrared illumination. Here, we showed for the first time that 
PAM can also be applied to label-free imaging of cytochrome c in cells by using its optical absorption around the Soret 
peak (~415 nm). 
2. MATERIALS AND METHODS 
Fig. 1 shows the PAM system for cytochrome c imaging. We used an integrated diode-pumped laser and optical 
parametric oscillator system (NT242-SH, Ekspla), which had a tunable wavelength range from 210 nm to 2600 nm. The 
laser pulses had a pulse width of 5 ns and a repetition rate of 1 KHz. The laser pulses were focused by a condenser lens 
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and filtered by a 50 μm pinhole, which worked as a point source for the optical objective. Compared with a fiber-based 
light delivery system[17], this free-space system provides both greater tolerance of beam shifting and easier optical 
alignment, especially for a large range of wavelength tuning. We used a 0.60 numerical aperture (NA) objective for 
visible light (46 07 15, Zeiss) and a 0.40 NA objective (LMU-20X-UVB, Thorlabs) for UV light. The pulses focused by 
the objective irradiated on the sample and generated photoacoustic waves, whose amplitude was proportional to the 
localized optical absorption at the focal point. A focused ultrasonic transducer (customized with 40 MHz central 
frequency, 80% bandwidth, and 0.50 NA) detected the photoacoustic waves in the transmission mode. The signals from 
the transducer were then amplified and digitized at 1 GS/s (PCI-5152, National Instruments). The sample was 
mechanically scanned, and the 2D maximum-amplitude projection (MAP) images of the sample could be obtained. 
 
 
Figure 1. System schematic of photoacoustic microscopy. 
 
For cytochrome c imaging, the wavelength of the laser was set to 422 nm, slightly away from the absorption peak of 
cytochrome c. This is because the laser provides higher pulse energy and better power stability at 422 nm than the exact 
Soret peak. The wavelength was set to 250 nm for cell nuclei imaging due to the strong DNA and RNA absorption. 
3. RESULTS AND DISCUSSION 
Unstained fibroblasts (NIH/3T3, ATCC) were imaged by PAM. The fibroblasts were seeded onto the quartz cover 
glasses at a density of 2 × 104 cells/cm2 and fixed in 3.7% formaldehyde for the imaging experiments. The mitochondrial 
cytochrome c in fibroblasts were imaged by PAM with 422 nm wavelength and 200 nJ pulse energy, as shown in green 
in Fig. 2(a). Inside each cell there was a dark hole, which should be the nucleus. As a validation, the fibroblasts were 
imaged again with 250 nm wavelength, as shown in Fig. 2(b), where the nuclei were shown in blue. Fig. 2(c) was a 
superimposed image of Figs. 2(a) and (b). As a comparison, the cells were then stained with MitoTracker Green FM® 
(Invitrogen) for mitochondria and 4',6-diamidino-2-phenylindole (Invitrogen) for nuclei. Fig. 2(d) shows the 
fluorescence image of the stained cells, which matches well with the PAM image shown in Fig. 2(c). Therefore, PAM 
can be used for label-free imaging of cytochrome c in fibroblasts. Here individual mitochondria were not resolved by 
either PAM or fluorescence microscopy due to the insufficient axial resolution. When imaging the cells, all the 
mitochondria were projected along the depth direction and were thereby mixed together. However, individual 
mitochondria were resolved by confocal optical microscopy due to its finer axial resolution, as shown in Fig. 2(e). 
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Figure 2. PAM and fluorescence microscopy of fibroblasts. (a) Label-free PAM image of fixed but unstained fibroblasts 
at 422 nm wavelength. (b) Label-free PAM image at 250 nm wavelength. (c) Superimposed image of (a) and (b). (d) 
Wide-field fluorescence image of the cells with mitochondria stained in green and nuclei stained in blue. (e) Confocal 
microscopy image of the stained cells. 
 
A histological section of a mouse ear was imaged by label-free PAM. All experimental animal procedures were carried 
out in conformity with the laboratory animal protocol approved by the Animal Studies Committee of Washington 
University in St. Louis. Fig. 3(a) shows the label-free PAM image of a mouse (Hsd:ND4, Harlan Co.) ear section 
acquired at 422 nm wavelength. Lots of structures were identified from the PAM image. The hemoglobin in blood 
vessels had the strongest optical absorption. The connective tissue and the auricular cartilage were clearly imaged. The 
most common cells in connective tissue are fibroblasts, and the auricular cartilage is one kind of connective tissue. 
Compared with the connective tissue, the muscle cells generated stronger signals, because the muscle cells have a greater 
demand for ATP and, therefore, contain more mitochondria. Then the mouse ear section was stained with hematoxylin 
and eosin. The optical microscopy image of the stained section [Fig. 3(b)] matched well with the unstained PAM image. 
Therefore, PAM has the potential for label-free histology. With proper wavelengths, PAM can image various substance 
of interest, including cytochrome c, DNA, RNA, lipid, hemoglobin, melanin, etc. 
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Figure 3. Histological section of mouse ear. (a) Label-free PAM image acquired at 422 nm wavelength. BV: blood 
vessel. MC: muscle cell. CT: connective tissue. AC: auricular cartilage. (b) Optical microscopy image acquired with 
hematoxylin and eosin staining. 
 
4. CONCLUSIONS 
In summary, we realized label-free PAM of cytochrome c in cells for the first time. Label-free PAM can be further 
developed for real-time imaging of cytochrome c functions in live cells or in vivo. First, in order to have a better axial 
resolution, we can use a broadband piezoelectric transducer or microring resonator[18]. Second, in order to enhance the 
imaging speed, we can combine a high-repetition-rate laser with laser scanning[19] or voice-coil scanning[20]. 
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